The long-term expansion of keratinocytes under serum-and feeder free conditions 31 generally results in diminished proliferation and an increased commitment to terminal 32 differentiation. Here we present a serum and xenogeneic feeder free culture system that 33 retains the self-renewal capacity of primary human keratinocytes. In vivo, the tissue 34 microenvironment is a major contributor to determining cell fate and a key component 35 of the microenvironment is the extracellular matrix (ECM). Accordingly, acellular 36
49
Introduction 50
The skin is an indispensable barrier that safeguards the body from the external 51 environment. It possesses the ability to self-renew, which enables the replacement of 52 dead cells and the repair of wounds thereby sustaining a barrier function [1] . In normal 53 circumstances, most cutaneous wounds heal without medical intervention. However, if 54 the wound is extensive and extends into the dermis, medical attention may be 55 required [2] . Traditionally, the therapeutic strategy for treating large, deep wounds has 56 been to use split-thickness skin autografts. However, this treatment is not viable in the 57 case of extensive burn injury, as patients may lack sufficient healthy donor sites [3] . 58
59
The grafting of cultured keratinocytes is an alternative treatment to assist in the repair 60 of damaged skin. This method uses a technique originally developed by Rheinwald and 61 Green[4] to expand keratinocytes in vitro from a patient's skin biopsy. In this method, 62 expansion of keratinocytes is achieved using an irradiated mouse fibroblast feeder layer 63 and medium containing foetal bovine serum (FBS). While this is effective for rapidly 64 expanding keratinocytes, the reliance on xenogeneic components carries a potential risk 65 of exposing patients to animal pathogens and immunogenic molecules [5] . To address 66 these concerns, in vitro culture systems that omit both the feeder layer and serum were 67 developed. A popular system uses a defined serum-free medium that contains the 68 necessary growth factors and a collagen matrix to support keratinocyte attachment and 69 growth [6, 7] . 70 71 While this defined culture system may meet regulatory approval, its ability to propagate 72 keratinocytes is inferior to the Rheinwald and Green[4] system. Keratinocytes grown 73 in the defined serum-free system have a more limited lifespan; a diminished self-74 renewal capacity and an increased commitment towards differentiation or 75 senescence [7, 8] . This suggests that the defined serum-free system does not fully meet 76 keratinocyte requirements. It is likely crucial elements required to sustain 77 undifferentiated keratinocytes long term, reside in the fibroblast feeders used in the 78 Rheindwald and Green system. Fibroblasts secrete cytokines, growth factors and 79 extracellular matrix (ECM). The focus for defined culture systems has been on the 80 cytokines and growth factors[9, 10], but it is possible the ECM is a crucial requirement 81 that has been overlooked. 82
83
The ECM is complex meshwork of macromolecules, comprising fibrous structural 84 proteins (e.g. collagen, fibronectin, laminin and elastin), specialised proteins (e.g. 85 growth factors) and proteoglycans (e.g. perlecan). It was previously thought to be an 86 inert structure that provided a platform for cell adhesion, but it is now known that the 87 ECM provides both biochemical and biomechanical cues that regulate cell behaviours 88 such as adhesion, migration, proliferation and differentiation [11, 12] . Currently, there 89 is considerable interest in using cell-derived matrices to reproduce a tissue specific 90 microenvironment. Numerous studies have shown that acellular ECM assists in 91 maintaining the stem cell phenotype and in promoting self-renewal during in vitro 92 expansion [13] [14] [15] [16] . However, keratinocyte expansion on a dermal fibroblast derived-93 matrix (Fib-Mat) under serum free conditions has not been well examined. 94 95 While it is possible to generate an acellular ECM in vitro, most culture methods produce 96 an unstructured ECM that lacks critical components [17, 18] . This may be due, in part 97 to differences between the in vitro and in vivo microenvironments. Cells in culture are 98 in a dilute solution of macromolecules of 1-10 mg/ml, which is several-fold lower than 99 the normal physiological environment that can range from 20.6 to 80 mg/ml [19] . Thus, 100 in culture, molecular interactions in the extracellular environment may not be sufficient 101 to produce an ECM which resembles that seen in vivo. To mitigate this problem, the 102 addition of large, inert macromolecules such as Ficoll TM to the culture medium has been 103 used to mimic the density of macromolecules within tissues. Molecules like Ficoll TM , 104 when used in this context, have been called "macromolecular crowders" (MMC) and 105 the process of mimicking the in vivo concentration of macromolecules is called 106 "macromolecular crowding". Interestingly, the addition of Ficoll TM to cell cultures was 107 found to accelerate biochemical reactions and supramolecular assembly, and 108 macromolecular crowding was found to affect the deposition and architecture of the 109 ECM [17, 18, 20] . 110 111 Here, we describe the development and functional characterization of a xenogeneic-112 free matrix derived from primary human dermal fibroblasts (Fig 1) . A proteomics 113 analysis confirmed that this matrix resembled, in its core protein composition, the ECM 114 of human dermal tissue. When used as a substrate for keratinocyte growth in the 115 absence of feeder cells and under defined serum-free conditions this Fib-Mat facilitated 116 keratinocyte proliferation. In addition, more keratinocytes maintained the stem-like 117 characteristics of small cell size, expression of p63 and a lack of keratin 16 expression 118 as well as the retention of a colony forming capability. These data indicated that these 119 
Extracellular matrix deposition with macromolecular crowding treatment 157
HDFs were seeded at a density of 15,000 cells/cm 2 and were allowed to attach overnight 158 in basal medium comprising DMEM: Ham F12 (3:1) supplemented with 2% human 159 serum (Gibco), 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate and 160 30µg/ml ascorbic acid (Wako Chemical; Tokyo, Japan). The medium was then replaced 161 with fresh medium containing 7.5 mg/ml Ficoll 70 (Sigma) and 25 mg/ml Ficoll 400 162 (GE Lifesciences; Buckinghamshire, UK) to induce macromolecular crowding. The 163
HDFs were cultured for 6 days for ECM deposition, with the medium changed on 164 alternate days. 165
166

Decellularization of dermal fibroblast-derived extracellular matrix 167
The ECMs deposited using macromolecular crowding were decellularised using either 168 EDTA (ET), ammonium hydroxide (AH) or phospholipase A2 (PLA2). For the ET 169 method, cells were rinsed with PBS followed by 2.5 mM EDTA/PBS, and then 170 incubated in 2.5 mM EDTA/PBS for 10 min at 37°C. Using a P1000 pipet, the cell 171 monolayer was sprayed off leaving the matrix. The matrix was washed with PBS, 172 incubated for 5 min at 37°C with 0.5% Triton X-100/ PBS antibodies were titrated to determine their appropriate concentration for the experiment. 207
To generate a 3D representation of the matrix, Z-stacked images of anti-Type I 208
Collagen antibody stained ECM were obtained using a Nikon A1+ Confocal 209 Microscope and images were merged using the NIS-Elements AR analysis software. 210 211
Keratinocyte Proliferation 212
The proliferation of keratinocytes on the substrates (Fib-Mat, type I collagen (3 µg/cm 2 ) 213 and tissue culture plastic (TCP) was assessed. Keratinocytes were harvested and seeded 214 at a density of 1 x 10 4 cells/well in a 48-well tissue culture plate (NUNC, ThermoFisher 215 Scientific) and grown for six days. At 24 h intervals keratinocytes were fixed for 5 min 216 with cold acetone:methanol (1:1), washed with PBS and incubated with PBS/1%BSA 217 for 1 h at RT before the nuclei were stained with DAPI (Sigma). Using an Olympus IX-218 81 high content screening inverted microscope (Olympus; Tokyo, Japan) and a 10x 219 objective, 7 by 11 non-overlapping quadrants were imaged, to produce a 0.5 cm 2 area 220 image. Nuclei/cell numbers were determined using Fiji-Image J software and its "Find 221
Object" macro. 
Quantification of Ki67 Positive Keratinocytes 259
Briefly, keratinocytes were harvested and then seeded as described above and at day 3, 260 keratinocytes were fixed with 4% paraformaldehyde for 15 min at RT, permeabilized 261 with cold 0.1% Triton X-100/PBS for 3 min and then incubated in PBS/1% BSA for 1 262 h at RT. The keratinocytes were blocked with 10% Goat Serum/1% BSA/PBS for 1 h 263 at RT before being incubated with a 0.3 µg/ml anti-Ki67 antibody (Novacastra). This 264 was followed by a 1 h incubation with Alexa 488 conjugated anti-mouse antibody at 265 RT. Keratinocyte nuclei were stained using DAPI. Images were taken on the Olympus 266 IX-81 high content screening inverted microscope. Using a 10x objective, 7 by 11 non-267 overlapping quadrants were imaged. The percent of keratinocytes positive for Ki67 was 268 determined using the Cell Profiler software. 269 270
Quantification of p63 Positive Keratinocytes 271
Keratinocytes were seeded onto the different substrates and cultured for 3 days after 272 which they were fixed, permeabilised and blocked as described for the Ki67 expression 273 experiment. Keratinocytes were then incubated with 0.5µg/ml of anti-p63 mAb and the 274 anti-mouse Alexa 546 conjugated antibody, washed and the slides mounted in a DAPI-275 containing anti-fade mounting medium. A Nikon A1+ confocal microscope and a 10x 276 objective lens was used to image 3 by 3 non-overlapping quadrants per slide. The 277 percent of p63 positive keratinocytes was determined using Cell Profiler software. 278
279
Colony Forming Efficiency Assay 280
Keratinocytes were grown on acellular HDF-derived ECM, type I collagen coating or 281 uncoated TCP for 3 days in DKSFM, before being harvested. Keratinocytes (1 x 10 3 ) 282 from each substrate were seeded into 6-well tissue culture plates containing mitomycin-283 treated 3T3-J2 feeder cells and cultured for 10-12 days in culture medium which was a 284 3:1 ratio of DMEM (Gibco) and Ham's F12 (Gibco) supplemented with 10 mM 285 HEPES (Gibco), 2 mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 25 μg/ml 286 adenine (Sigma), 0.4 μg/ml hydrocortisone (SOLU-CORTEF®, Pfizer), 0.12 IU/ml 287 insulin (Humulin®), 2 nM triiodothyronine (Sigma), 10 ng/ml epidermal growth factor 288 (BD Bioscience) and 5 mM forskolin (Sigma). Media changes were performed on 289 alternate days. After 10-12 days the cells were fixed with (1:1) acetone: methanol and 290 stained with 0.1% toluidine blue in ddH2O. The colonies that formed were counted, 291 with colonies ≥ 1 mm 2 being "large" and the rest "small". 292 293
Mass Spectrometry and Proteomics Analysis 294
Dermal fibroblast-derived ECMs were generated using macromolecular crowding and 295 Forward/decoy search was used for false discovery rate (FDR) estimations on 318 peptide/PSM level, and were set at high confidence, FDR 1% and medium confidence, 319 FDR 5%. The generated protein list was curated using the Matrisome[22] database. 320 321
Statistical Analyses 322
Statistical analyses were performed using SPSS statistics software V22.0 (IBM 323 Corporation, NY). If the data sets were normally distributed and their variances 324 homogeneous, a parametric test was conducted; if not, a non-parametric test was used. 325
A p-value of p≤0.05 was considered statistically significant. For normally distributed 326
data, experiments containing two treatments data sets were analysed with a t-test. For 327 experiments containing 3 or more treatment data sets, one-way analysis of variance 328 (ANOVA) was conducted followed by Tukey's posthoc test. As p63 expression data 329
were not normally distributed, these were analysed using the Kruskal-Wallis one way 330 analysis of variance followed by Wilcoxon's signed-ranked test. 331
332
Results 333
Development of an Acellular Dermal Fibroblast-Derived Matrix 334
To produce a matrix that best mimics the microenvironment of keratinocytes would 335 encounter in vivo, primary human dermal fibroblasts (HDFs) from adult donors were 336 chosen as the cell source. Phase contrast microscopy revealed that the HDFs used had 337 a uniform spindle-like morphology that is typical of fibroblasts. Immunofluorescence 338 analyses indicated they expressed the fibroblast markers TE-7, thy-1 and vimentin 339 ( Fig. S1 ). 340
341
It was reported that the addition of a mixture of Ficoll 70 and Ficoll 400 to the culture 342 medium has the effect of mimicking the space occupied by glycoproteins in plasma, 343 and this was found to benefit ECM deposition by cells in vitro [17] . Accordingly, the 344 To determine a decellularisation method which removed the cells, yet preserved the 364 ECM proteins and structure as much as possible, three decellularisation protocols were 365 compared. These were: EDTA, ammonium hydroxide (AH) and PLA2. Phase contrast 366 microscopy revealed all three protocols removed the fibroblasts. However, fibril-like 367 structures were retained only with AH and PLA2 treatments ( Fig. S4 ). DAPI staining 368 of the nucleic acids remaining after decellularisation indicated both the EDTA and the 369 PLA2 methods more effectively removed DNA than the AH method, which left distinct 370 nuclear fragments in the ECM (Fig. S5Ai ). Quantification of DNA removal indicated 371 that the EDTA and PLA2 methods were effective in removing 99% of the DNA, 372
whereas 97% of the DNA was removed with the AH method ( Fig. S5Aii ). To determine 373 whether the cytoskeletal components of the HDFs were removed following 374 decellularisation, phalloidin-TRITC staining was used to detect actin filaments. As 375 shown in Figure S5B , a few actin filament fragments were detected following AH 376 treatment, but no staining was apparent when EDTA or PLA2 treatments were used. 377
378
To investigate the structure of the ECM following decellularisation, 3D Z-stacked 379 confocal images were obtained following type I collagen immunostaining. Fibrillar 380 structures of type I collagen resembling the non-decellularised control were clearly 381 visible following AH and PLA2 treatments, but the EDTA treatment disrupted the 382 structure of the type I collagen filaments (Fig. 2B ). The thickness of the ECM was 383 measured by determining the depth of type I collagen staining was 9 µm thick. After 384 decellularisation using the AH or PLA2 protocols, ECM thickness decreased to around 385 6 µm, which dropped further to 3 µm following EDTA treatment (Fig. 2C) . 386
Immunofluorescence intensities of the variously decellularised matrices revealed a 387 significant reduction in type I collagen and fibronectin staining after EDTA treatment. 388
In contrast, both AH and PLA2 treatments were shown to preserve type I collagen and 389 fibronectin immunostaining ( Fig. S6) . 390 391
Dermal Fibroblast Matrices Mimics Skin Dermis Extracellular Matrix 392
Collectively the data demonstrated that the PLA2 decellularisation protocol produced 393 an intact ECM that was devoid of most cell components, hence this method was used 394 to generate acellular matrices (Fib-Mat) for further analyses. As the goal was the 395 production of an acellular matrix that mimicked the dermal ECM, the protein 396 compositions of the ECM derived in vitro from two dermal fibroblast donors were 397 determined using mass spectrometry (MS)-based proteomics. To investigate whether 398 the ECM produced in vitro by dermal fibroblasts matched dermal ECM, the ECM 399 signature of the dermis was obtained from the "Human Protein Atlas" database[23] 400
and was compared to our proteomic data. However, after examination of the "Human 401
Protein Atlas", it was apparent that a number of core ECM proteins like collagen III 402 alpha 1 (COL3A1) and laminin alpha-4 (LAMA4), which are present in the dermis, 403
were not found in the "Human Protein Atlas" database. To ensure a comprehensive 404 list of dermal ECM proteins was used for the comparison, the proteomic dataset of the 405 skin prepared from studies by Bliss et al.[24] was used to supplement the "Human 406
Protein Atlas" database. To curate the ECM proteins, the proteomic analyses and the 407 "Human Protein Atlas" supplemented data were categorised using the human 408 matrisome database (MatrisomeDB, http://matrisomeproject.mit.edu/). This database 409 categories the ECM proteins into "core matrisome" (ECM glycoproteins, collagens 410 and proteoglycans) and "matrisome-associated proteins" (ECM-affiliated proteins, 411 ECM regulators and secreted factors) [22] . This analysis revealed that most of the core 412 matrisome proteins expressed in the skin dermis were also found in the Fib-Mat that 413
were prepared (Fig. 3) . However, the majority of the matrisome-associated proteins 414
were absent in these Fib-Mat (Fig. 3) . 415 416
Dermal Fibroblast-Derived Matrix Supports Keratinocyte Proliferation 417
Next, the ability of Fib-Mat to support the adhesion and proliferation of keratinocytes 418 was investigated. Type I collagen was used as a positive control, as this is the substrate 419 commonly used with defined keratinocyte serum free medium (DKSFM) for 420
propagating keratinocytes [6, 7] . Tissue culture plastic (TCP) was the negative control. 421
The extent of keratinocyte adhesion to the different substrates differed. More 422 keratinocytes attached to Fib-Mat (84%), than to type I collagen (77%) or TCP (56%; 423 and cells within the colonies had a small cobblestone morphology, which persisted 427 until day 6 whereupon a near confluent monolayer was reached. Although similar 428 behaviour was observed on TCP, the keratinocytes comprised a heterogeneous 429 population of differing sizes. Whereas, keratinocytes on type I collagen grew as single 430 cells, they also have a mixed population, with some of the cells being large and flat 431 ( Fig. 4B & Fig. 6A ). 432
433
The rate of keratinocyte proliferation on the different substrates also differed. On Fib-434
Mat keratinocytes initially proliferated more slowly than keratinocytes on type I 435 collagen but reached similar numbers by day 3. Thereafter, an exponential rate of 436 proliferation was observed in keratinocytes on Fib-Mat, which was higher than that 437 seen on type I collagen. On TCP, keratinocyte proliferation was slow and the rate 438 plateaued by day 4 (Fig. 4C ). Keratinocyte expression of Ki67 was determined on day 439 3, as the growth curve (Fig. 4C ) indicated a change in proliferation rates on each of 440 the substrates at this point. More keratinocytes on Fib-Mat (84.85%) stained with the 441
Ki67 mAb compared to that seen in keratinocytes on type I collagen (66.31%) and 442 TCP (56.66%; Fig. 4D ). Determination of the numbers of Ki67 expressing cells on 443 day 4 and 5 revealed this remained the case (data not shown). From these data Fib-444
Mat was the best substrate to promote keratinocyte proliferation. To determine differentiation status, keratinocytes grown on the different substrates 451
were immunoststained for K16, K14, K10, and involucrin. To acquire better image 452 resolution at high magnification, etched glass coverslips (EGC) were used. To check 453 if this growth surface affected keratinocyte behaviour, keratinocytes were grown on 454 either TCP or EGC coated with Fib-Mat or type I collagen, or were uncoated. Cells 455 were grown for 3 days before being fixed and immunostained for K14. Keratinocytes 456 grown on all surfaces were similarly positive for K14 ( Fig. S7 ). On EGC coated with 457 type I collagen, keratinocytes grew as colonies, whereas they grew as single cells on 458 TCP coated with type I collagen. As this was the only change, immunostaining of the 459 differentiation markers was performed on keratinocytes grown on EGC with, or 460 without, the various coatings. Although K14 expression was observed in keratinocytes 461 on all substrates a population of keratinocytes on uncoated EGC did not express K14 462 ( Fig. 5A ). While the expression of K10 was not observed in keratinocytes on any 463 substrate, involucrin expression was detected in cells on all substrates. However, a 464 higher proportion of keratinocytes were positive for involucrin when grown on 465 uncoated EGC, as compared to keratinocytes on Fib-Mat or type I collagen. In 466 addition, A higher proportion of keratinocytes grown on type I collagen and EGC 467 compared to keratinocytes grown on Fib-Mat were observed to express K16 (Fig. 5A) . 468
469
Keratinocytes on each of the substrates were also examined for p63 expression, a 470 marker of "stemness". As is shown in Figure 5B , while p63 expression was detected 471 in keratinocytes on all substrates, the number of cells expressing p63 differed. The 472 number of p63 expressing cells was significantly (p<0.01) higher on Fib-Mat 473 (93.98%) and type I collagen (95.11%) than on TCP (85.48%) and the percentage of 474 p63 positive cells was similar on both Fib-Mat and type I collagen (Fig. 5Bii) . 475
476
Keratinocytes grown on Fib-Mat appeared to be smaller than keratinocytes similarly 477 cultured on type I collagen or TCP (Fig. 6Ai ). An assay was established based on 478
Haase et al. [25] , where cell size was determined by the area covered by the cell. 479
Analysis of the size of individual keratinocytes revealed a statistically significant 480 difference (p≤0.05) in the size of keratinocytes grown on Fib-Mat or type I collagen. 481
The majority of keratinocytes residing on Fib-Mat were small cells, whilst type I 482 collagen had the greatest number of large flat keratinocytes (Fig. 6B ). While there 483 were differences in size between cells on Fib-Mat and TCP, the differences were not 484 statistically significant. 485
486
To evaluate the self-renewal capability of keratinocytes grown on different substrates, 487 their colony forming ability was examined. Keratinocytes grown on either Fib-Mat, 488 type I collagen or TCP were harvested, then seeded onto a layer of mitomycin-c treated 489 feeder cells and grown for 12 days. The number of large colonies produced by 490 keratinocytes grown on Fib-Mat was significantly higher (p<0.01) than that seen for 491 keratinocytes from either type I collagen or TCP. Furthermore, more colonies 492 regardless of size were observed in cultures of keratinocytes from the Fib-Mat (Fig. 7) . On type I collagen and EGC, well-developed actin stress fibres were observed at the 514 keratinocyte circumference. This was more prominent in the large keratinocytes. In 515 contrast, stress fibres at the cell circumference were less visible in keratinocytes on 516
Fib-Mat (Fig. 6Aii) . The regenerative ability of keratinocyte stem cells has been known since the 1980s 525 and has been well described in numerous studies [26] [27] [28] [29] [30] . However, the expansion of 526 keratinocytes in vitro for clinical use has remained challenging, at it is dependent on 527 harvesting a sufficient numbers of keratinocyte stem cells and their survival during 528
propagation. The traditional "Rheinwald and Green method" uses murine feeder cells 529 and FBS[4] and although this system has been used successfully it will face future 530 hurdles as regulators embrace xenogeneic free systems as the norm for producing cells 531 for clinical use. Keratinocytes can be expanded in vitro using a defined serum-free 532 medium, and a collagen matrix to support cell attachment and growth[6, 7, 31], 533 however, prolonged culture of keratinocytes in this way induces phenotypic changes; 534 specifically a diminished capacity for self-renewal and an increased commitment 535 towards terminal differentiation or senescence [7, 32, 33] . A critical factor for the 536 long-term expansion of keratinocyte stem cells is their natural microenvironmental 537 niche[8] and a key component of this niche that is lacking in the current defined culture 538 system is a native ECM. In an effort to recapitulate a similar niche that the 539 keratinocytes inhabit in vivo, we developed a method to generate a xenogeneic free 540 dermal Fib-Mat (Fig. 1) . This Fib-Mat substrate and defined serum-free medium better 541 supported the proliferation of undifferentiated keratinocytes, compared to cultures of 542 the same keratinocytes in defined serum-free medium on substrates of type I collagen 543 or tissue TCP. 544 545 While the production and use of cell derived matrices to support the proliferation of 546 undifferentiated stem cells has been employed previously [14, 16, [34] [35] [36] [37] , the 547 generation of xenogeneic-free Fib-Mat using a tissue culture process that includes 548 macromolecular crowding during the deposition of the ECM, and PLA2 for 549 decellularisation, is novel. The inclusion of macromolecular crowding reagents in the 550 primary dermal fibroblast xenogeneic-free cultures was found to reproducibly produce 551 matrices that completely covered the surface of the culture plates. The PLA2 552 decellularisation protocol generated the most acceptable acellular matrices in terms of 553 absence of immunological relevant remnants, and ECM structure preservation. 554
Proteomics analysis of Fib-Mat generated under PLA2 had a core matrisome protein 555 composition that was similar to that reported for the dermis [38, 39] . Interestingly, 556 compared to proteomic data derived from skin dermis, the Fib-Mat lacked many of 557 the matrisome-associated proteins. As some of the matrisome-associated proteins 558
actually are cell-associated proteins (e.g. LGALS1, LGALS3 & GPC1) present in a 559 full skin biopsy, it would be therefore be absent in the decellularised Fib-Mat as the 560 cells were removed. Furthermore, as Fib-Mat is the result of a monolayer culture of 561 fibroblasts, ECM proteins contributed by other residential cells (e.g keratinocyte & 562 melanocyte) within the skin dermis will also be absence. culture of keratinocytes in which K14 has been knocked down, showed decreased K14 584 expression was associated with reduced cell proliferation and an increase in the 585 differentiation markers K10 and involucrin[47, 48] . In our study, K14 was expressed 586 by keratinocytes grown on all three substrates, however there were a small proportion 587 of keratinocytes on EGC without K14 staining (Fig. 5A ). No K10 expression was 588 observed regardless of the substrate the keratinocytes were cultured on. In contrast, 589 involucrin was expressed by keratinocytes grown on all substrates, with a higher 590 proportion of keratinocytes being involucrin-positive on uncoated EGC. The loss of 591 K14 and the increased involucrin expression coincided with decreased keratinocyte 592 proliferation on TCP/EGC. These data suggest that keratinocytes on TCP/EGC are 593 more prone to initiating differentiation in the absence of stratification, whereas the 594 continued K14 expression by keratinocytes residing on Fib-Mat is consistent with their 595 preserved growth potential. However, K14 expression was not tightly associated with 596 cell proliferation rates because there was no apparent decrease in K14 expression, 597 despite reduced keratinocyte proliferation on type I collagen (Fig 4-5) . 598
599
The pattern of K16 expression was informative, as very few keratinocytes grown on 600 the Fib-Mat expressed this keratin whereas on the other substrates a high proportion 601
of cells were K16 positive. K16 expression is associated with keratinocyte 602 proliferation and migration and this keratin has been described as a marker of 603 Parsa et al.[53] showed that p63 expression is restricted to 615 keratinocytes with high proliferative potential that reside within the basal layer. They 616 also found that p63 is absent from terminally differentiating keratinocytes. Our study 617 found most keratinocytes grown on Fib-Mat or type I collagen expressed p63, 618
whereas, fewer keratinocytes expressed p63 when cultured on TCP (Fig. 5B) . 619
Interestingly, p63 expression coincided with a decline in growth potential (Fig. 4C ) 620
and an increase in involucrin expression ( Fig. 5A ). This inability of TCP to support 621 the growth of undifferentiated keratinocytes is consistent with the data of others [6] . 622 623 649 Actin filament reorganisation is essential for changes in cell shape and motility. In our 650 study keratinocytes plated on type I collagen or EGC without a matrix protein coating 651 developed a circumferential actin network (Fig. 6Aii ), similar to that reported by 652
Nanba et al. [60] and which was described to be indicative of reduced cell movement 653 and terminal differentiation. In contrast, keratinocytes grown on Fib-Mat had short 654 bundles of actin that were radially distributed (Fig. 6Aii) , an arrangement of actin Others have also found that keratinocytes retain some markers characteristic of 664 undifferentiated cells during the early stages of differentiation. Webb et al.[61] found 665 that keratinocytes in the basal layer of the epidermis do not switch off the expression 666 of keratin 15 (a marker of keratinocyte quiescence, and in some circumstances of stem 667 cells) even during the differentiation process. Furthermore, Esteban-Vives et al. [7] , 668 observed that keratinocytes grown on type I collagen still retained K15 expression 669 despite showing signs of differentiation. Hence, it is likely that on type I collagen, the 670 keratinocytes are in the early stages of terminal differentiation, even though some 671 markers of undifferentiated cells are present. 672 673 This conclusion was further supported by the behaviour of the keratinocytes expanded 674 on different substrates in a colony forming assay. Barrandon et al. [62] described the 675 use of colony forming assays as an invaluable tool for determining the presence of stem 676 cells within a keratinocyte population. Undifferentiated keratinocyte stem cells are 677 described to have a higher self-renewal capability and form large, progressively 678 growing colonies (> 1 mm 2 ; holoclones). We found that keratinocytes grown on Fib-679
Mat produced a higher number of large colonies, when compared to keratinocytes 680 expanded on the other two substrates. This indicate that Fib-Mat better retained and 681 promoted the self-renewal ability of undifferentiated keratinocyte stem cells. 682
683
Others have also shown cell-ECM interactions are important for preserving the self-684 renewal ability of cultured keratinocytes. Adams and Watt[63] demonstrated that 685 keratinocytes losing ECM contact are triggered to terminal differentiation. Similarly, 686 our data and that of Coolen et al.[6] , showed that keratinocytes undergo terminal 687 differentiation when grown on tissue culture plastic that lacked an ECM protein. 688
Hence, ECM proteins such as type I collagen [7] , type IV collagen[6] and 689
fibronectin [64] have been used as substrates to culture keratinocytes. Although using 690 these single ECM proteins enable the keratinocytes to adhere and proliferate, they do 691 not sustain the long-term growth of keratinocytes [7, 32] . In this reductionist approach, 692 the synergistic impact of growth factors and ECM proteins and their coordinated 693 signalling pathways in the keratinocytes is overlooked. Others have shown that even 694 the combination of three matrix proteins can have a synergistic effect[65-67]. Flaim 695 et al. [65] found that the combination of type I collagen with laminin and type III 696 collagen enabled embryonic stem (ES) cells to efficiently differentiate towards a liver 697 progenitor lineage, although individually these matrix proteins were unable to 698 promote liver progenitor cell differentiation. Furthermore, Watt et al.[64] showed that 699 substrates comprising a combination of laminin, type IV collagen and fibronectin 700 inhibited the differentiation of keratinocytes during in vitro culture. 701
702
The proteomics data indicated that our Fib-Mat contained laminins, type IV collagen 703 and fibronectin plus numerous other ECM proteins, and some, but not all, the ECM 704 associated proteins, but very few of the secreted factors found in the dermis. Our data 705
indicate the combined signals of the core matrisome proteins that are present in Fib-706
Mat, are sufficient to suppress keratinocyte differentiation and to promote 707 proliferation. It is not possible to say from our data that the complex mixture of 708 chemokines, growth factors and other secreted factors are also contributing to 709 suppressing keratinocyte differentiation. In our study the essential growth factors for 710 keratinocyte proliferation were probably present in the culture medium and the Fib-711
Mat provided the ECM components to correctly present these growth factors to the 712 growing keratinocytes. However, whether essential secreted factors were present in 713 the Fib-Mat at very low concentration is unclear as the proteomics methodology may 714 not detect such proteins. 715
716
In conclusion, this study highlights the important role of a native ECM in modulating 717 keratinocyte growth and differentiation. Our novel culture system using dermal 718 fibroblast ECM is superior to current protocols for the serum-free culture of 719 keratinocytes for clinical use because it delivers undifferentiated keratinocytes that 720 continue to proliferate. In contrast, keratinocytes expanded using type I collagen (the were grown with or without MMC for seven days. The cell layers were decellularised 896 using PLA2. Matrices were immunostained for type I collagen (i, ii) or fibronectin (iii, 897 iv). The secondary antibody was an Alexa Fluor® 488-conjugated anti-rabbit IgG. 898
Nuclei were stained with DAPI (Blue). Scale bars are 100 μm. 899 
